OBJECTIVE: To determine the phenotypic and dietary characteristics of energy underreporters in a healthy population of middleaged women using accurate body composition measures. DESIGN: Cross-sectional study of 436 healthy middleaged female volunteers, unaware of any hypotheses regarding diet and body fat: mean age 58 y (39 ± 70 y), body mass index (BMI) 24.3 kgam 2 (17.0 ± 41.9 kgam 2 ). The prevalence of overweight (25.0 b BMI b 29.9 kgam 2 ) and obesity (BMI b 30 kgam 2 ) were 30% and 5% respectively. MEASUREMENTS:Dietary intake by food frequency questionnaire (FFQ) (n 436), 197 subjects also completed sevenday food records; body composition by dual energy X-ray absorptiometry (DXA); physical activity by standardised questionnaire. Underreporters were subjects whose estimated energy expenditure (EE) exceeded reported energy intake (EI). Three cut-off levels of underreporting were determined from estimates of EE utilising DXA body composition measures: basal, and two including EE from physical activity (using the ratio 1.35 or ratios from reported physical activity level). RESULTS: Underreporters had signi®cantly greater weight (P`0.01), BMI (P`0.01), total fat P`0.05), fat free mass (P`0.0001), but not adiposity (% body fat) than adequate-reporters, at each of the three cut-off levels. Underreporters reported signi®cantly lower intakes of energy and all macronutrients (P`0.0001). Expressed as a percentage of EI, the reported diet of underreporters was signi®cantly lower in fat, similar in carbohydrate and higher in protein. Similar results were found with seven-day food record data, although reported intakes from these were signi®cantly lower than those from FFQ. The prevalence of underreporting was highest in obese subjects (de®ned by BMI only), with up to 65% of these subjects underreporting EI and in the highest BMI tertile (prevalence of 57%). In those with BMI`24.9 kgam 2 , the maximal prevalence rate of underreporting was 43%. Importantly, however, the rates of underreporting were similar between tertiles of adiposity. Most (68%), but not all, underreporters were found in the lowest tertile for reported EI. CONCLUSIONS: A low reported EI and greater BMI may help identify energy underreporters. However, whilst underreporters may more frequently be`bigger' (by BMI), they are not necessarily fatter (using direct measures of body fat). As underreporting was present among all tertiles of BMI and adiposity, these results emphasise the importance of following past recommendations to identify and exclude energy underreporters in nutritional studies. Where underreporters have not been excluded, reported nutrition-disease relationships must remain in doubt.
Introduction
Studies linking nutritional intake and disease, contribute to the foundations of medical therapy, nutritional guidelines and public health policy. Critical examination of the methodology of nutritional epidemiology, together with the criteria of evidence-based guidelines, have increasingly challenged dietary recommendations, including the reduction of dietary fats for the prevention of heart disease, 1 cancer 2 or obesity. 3, 4 Nowhere is this issue more pertinent than in the area of obesity, the prevalence of which is increasing rapidly, 5, 6 while the bene®ts of dietary manipulation are often minor and short-lived. 7, 8 Most studies designed to examine the effect of diet on body fat mass (FM, usually estimated by body mass index (BMI)) rely on self-reported dietary data. Importantly, if this data is biased by speci®c dietary underreporting, relationships between diet and body FM may be overestimated. 9 Dietary underreporting is acknowledged to be an ubiquitous phenomenon which may contribute to the inconsistency in published reports of the health effects of dietary composition. 10 ± 14 In this report, we determine the relationships between precise measures of body fat (using dual energy Xray absorptiometry (DXA) and the dietary characteristics of energy underreporters in middleaged females. By incorporating physical activity estimates in the determination of energy expenditure (EE), we were able to illustrate the use of different criteria for the identi®cation of energy underreporters.
Methods
Subjects were enrolled in a twin study of the genetic basis of osteoporosis at St Thomas' Hospital London 15 and were a subset from PHENOBASE TM , a database of intermediate phenotype and genetic information on unselected twins recruited from a national media campaign. Importantly, subjects were unaware of any hypotheses regarding body fat or nutrition, thus minimising selection bias. Subjects (n 436) answered the`Oxford-type' food frequency questionnaire (FFQ), 16 which recorded the pattern of dietary intake for the last year. The FFQ speci®ed standard serving sizes and frequency of consumption from which intake of each food was calculated. A randomly selected subset of all subjects (n 197) also completed a seven-day food record. 16 Both these dietary tools have been evaluated in British women aged 50 ± 65 y against 16 d weighed food diaries, 16 24 h urinary nitrogen excretion and other biological markers. 17 Data from the FFQ and seven-day food record were entered using the Diet In, Data Out program 18 by trained researchers and analysed using the European Prospective Investigation in Cancer and Nutrition (EPIC) Group nutrient database (Institute of Public Health, University of Cambridge, UK).
All subjects underwent body composition scanning using DXA (Hologic QDR, software version 7, Waltham, MA), 19 with a measure of central abdominal fat described elsewhere. 19, 20 Weight and height were measured with the subject barefoot in light street clothes: weight to the nearest 0.1 kg, height to the nearest cm.
Using BMI (weightaheight . Physical activity was recorded by a standardised questionnaire, which assessed current activity at home, in sport and walking, and included an assessment of the intensity of activity. 21 The questionnaire was administered by trained research nurses. Scores were derived as follows: homeawork activity (1: sedentary, 2: sedentary with occasional exercise, 3: half sedentary-half active or 4: active all day), sporting activity per week (1: nil, 2: 1 h medium intensity, 3: 2 h medium intensity or 1 h strenuous, 4: 2 h strenuous), walking activity (1:`0.5 mileaweek; 2: 0.5 ± 5 milesaweek; 3: 5 ± 10 milesaweek; 4: b 10 milesaweek). Examples of medium intensity sports include golf, bowls, cycling or swimming; strenuous sports included aerobics or squash. The maximum possible total activity score was 12.
Energy underreporters were identi®ed as subjects whose EE must have exceeded their reported energy intake (EI). Basal energy expenditure (BEE) was calculated from the Garby formula which was developed and validated in Danish populations 22 J 116X76 Â fat free mass 26X88 Â body FM using the direct accurate measures of body composition from DXA scanning.
Underreporters were identi®ed using three categorical levels that de®ned EE (basal and two categories with a measure of from physical activity): (i) EI ± BEE; (ii) using a nominal factor for minimal EE from physical activity 13 EI ± BEEÂ1.35; and (iii) EI ± BEEÂactivity level estimated from the exercise questionnaire: 1.56 for sedentary subjects (n 131, exercise score 6), 1.64 for active subjects (n 256, exercise score 7 ± 9), and 1.82 for very active subjects (n 51, exercise score ! 10), as previously described. 23 The ®rst classi®cation makes no allowance for any physical activity and clearly involves massive underreporting. The second classi®cation, CUT-OFF 1 from Goldberg et al, 13 makes an adjustment for energy required for survival, representing the lowest physiological limit for habitual EE; as such it is also an underestimation of habitual EE. The third classi®cation, whilst using physical activity scores, represents a cut-off which may misclassify some acceptable-reporters as underreporters. Reported EIs from both FFQ and seven-day food records were used in analyses.
The protocol for validating the dietary data included examination of the relationships between energy and weight, and energy and diet composition, suggested by Astrup and Raben 24 as necessary to establish the validity of the nutritional data set. The relationships were examined using Pearson's simple correlations, ®rst for the entire cohort, then by category of underreporting.
The dietary and body composition of underreporters identi®ed by the three mathematical methods, were compared to the remainder of the group (termed acceptable reporters) using analysis of variance. The frequency of underreporting within different weight categories, BMI and % body fat tertiles were assessed by contingency tables. The prevalence of underreporting with increasing BMI was also examined using centiles of BMI. As there were fewer subjects in the higher BMI centiles, these were merged. Thus in the BMI categories illustrated in Figure 2 , there were 22, 95, 196, 94, 44 and 24 subjects. Dietary intakes from FFQ and seven-day food records within the same individual, were compared by paired t-tests.
Results
The mean age ( AE s.d.) of 436 subjects was 58 AE 6 y (range 39 ± 70 y) BMI . These values were similar to the mean levels reported in the population for whom this FFQ was evaluated. 15 While recognising that without individual doubly labelled water studies, any cut-off will not be de®ni-tive, designation as under-or acceptable-reporters was made according to three different classi®cations based on the estimation of EE. Body composition data for acceptable-and underreporters for each classi®cation of underreporting are presented in Table 1 . The proportion identi®ed as underreporting EI increased as estimated EE increased: 6% for BEE, 28% for BEEÂ1.35 and 52% for BEEÂactivity score. Underreporters had signi®cantly greater weight, BMI, total FM and fat free mass (Table 1 ), but were similar in age to acceptable-reporters. Total (% body fat) and central (% central fat) adiposity did not differ between under-and acceptable-reporters within each classi®-cation of this population with a wide range of weight (Table 1) . Central FM was signi®cantly greater in underreporters only when EE included an activity measure ( Table 1) .
As expected by study design, reported EI was signi®cantly lower in underreporters for each classi®-cation: on average, 47% lower in the classi®cation using BEE alone, 39% lower in the classi®cation using BEEÂ1.35 and 36% for BEEÂactivity score Table 1 Body composition in energy underreporters compared to acceptable-reporters using three categories for identifying underreporters in 436 middleaged females Table 2 Dietary intake in energy underreporters compared to acceptable-reporters using three categories for identifying underreporters Acceptable-vs under-reporter within each category: *P`0.05, **P`0.01, ***P`0.001, ****P`0.0001. Values are mean AE s.e.m. EI energy intake by food frequency questionnaire (FFQ); BEE basal energy expenditure; act activity score.
Body composition and diet in energy underreporters K Samaras et al (Table 2 ). Reported dietary intake (in g) of fat (including subtypes), carbohydrate, sugars and protein were all signi®cantly less in underreporters from each classi®cation, but with disproportionate reductions in macronutrients: approximately 25 gad lower for protein, 100 gad lower for carbohydrates and 40 gad lower for fats. Alcohol intake was similar in underand acceptable-reporters. Dietary fat intake (expressed as a percentage of EI) was signi®cantly lower in underreporters within each classi®cation, as were fat subtypes ( Table 2) . Carbohydrate intake (expressed as a percentage of EI) was similar in under-and acceptable-reporters, while protein intake was signi®cantly greater in all underreporters (Table 2) . Thus, while all macronutrients were lower in g intakead in underreporters, there was a proportionately greater underreporting of fat (Figure 1) , possibly due to omitting foods predominantly high in fat.
Underreporting was more prevalent with increasing BMI (Figure 2 ) and occurred signi®cantly more commonly in subjects classi®ed as obese by BMI ( b 30 kgam 2 ) within each classi®cation of underreporting: by EI 7 BEE: 17% (w 2 7.1, P 0.03); EI 7 BEEÂ1.35: 52% (w 2 14.2, P 0.0008); and EI 7 BEEÂactivity score: 65% (w 2 7.7, P 0.02) ( Table 3) . Results were similar if tertiles of BMI were Figure 1 Dietary composition (percentage of reported energy intake) in acceptable-reporters vs underreporters for energy intake using Classi®cation 2 (energy intake 7 basal energy expenditureÂ1.35)(*P`0.0001). . Chi-square test for increasing frequency across weight category: *P`0.05, **P`0.005. EI energy intake by food frequency questionnaire; BEE basal energy expenditure; act activity score by standardised questionnaire; BMI body mass index.
Body composition and diet in energy underreporters
K Samaras et al used (Table 3 ). In contrast, the prevalence of underreporting did not differ statistically between tertiles of adiposity (% total fat by DXA) ( Table 3) . The greatest proportion of underreporters was found in the lowest tertiles for energy, fat (gad and %) and carbohydrate intake (gad), and in the highest tertile for protein (%) intake (Table 4) . Underreporters were equally represented through tertiles for % carbohydrate intake (Table 4) .
Astrup and Raben 24 suggest the following relationships must be demonstrated in valid dietary data: signi®cant positive relationships between weight and EI, and EI and fat (gad and % of EI) and carbohydrate (gad). Signi®cant relationships between these variables were found most consistently in acceptablereporters, but were also found in underreporters of each classi®cation. In the cut-off (EI 7 BEEÂ1.35) the relationships for acceptable and under-reporters respectively were: weight and EI r 0.22 (P`0.0001) and r 0.49 (P`0.0001); EI and dietary fat (gad) r 0.87 (P`0.0001) and r 0.41 (P`0.0001); EI and dietary fat (% of EI) 0.22 (P`0.0001) and r 0.12 (not statistically signi®cant (NS)); EI and carbohydrate (gad) r 0.89 (P`0.0001) and r 0.62 (P`0.0001). Relationships were similar in the other underreporting classi®cations (data not shown).
Seven-day food records
Subjects selected at random to complete a seven-day food record (n 197) had a similar body composition to the entire cohort: mean ( AE s.d.) BMI 24.1AE 3.4 kgam 2 , body FM 24.8 AE 7.8 kg, percent body fat 38.6AE 7.1%. Similar to the whole cohort, 66% of this subgroup were a healthy weight, 29% overweight and 5% obese.
The mean intakes reported in seven day records were signi®cantly lower for energy, fat and protein than reported in FFQ by the same subjects ( Table 5 ). The mean difference in daily energy intake was 938 kJ (P 0.0001), fat intake 6.5 gad (P 0.004), carbohydrate intake 30.9 gad (P 0.0001), protein intake Comparison of under-to acceptable-reporters: *P`0.05, **P`0.001, ***P`0.001. EI energy intake; CHO carbohydrate; BMI body mass index; FM fat mass; FFM fat free mass.
Body composition and diet in energy underreporters K Samaras et al 12.7 gad (P 0.0001), total sugars 24.7 gad (P 0.0001). Using the intermediate classi®cation (EI 7 BEEÂ1.35) to determine underreporting status, 32% of the subgroup were underreporters and intake of energy and all macronutrients (gad) was lower in underreporters (Table 5) . As with FFQ analyses, results were consistent with selective underrepresentation of diet composition, with a signi®cantly lower % fat intake, and marginally higher protein and carbohydrate %. Notably, underreporters again had higher BMI, FM, fat-free mass, but not adiposity (Table 5) . Similarly, the frequency of underreporting in sevenday food records increased with increasing BMI: its prevalence was 18% in healthy weight subjects, 39% in overweight subjects and 44% in obese subjects (w 2 10.08, P 0.007), but was similar across tertiles of adiposity: 15a64 (23%), 13a70 (19%) and 20a63 (31%) (P 0.21).
Of the subjects that answered both the FFQ and sevenday food record (n 197) an identical number of underreporters were identi®ed using the (EI-BEEÂ1.35`0) classi®cation (n 48 for each dietary method), of whom 52% were the same subjects, perhaps related to the different assessments of food intake.
Discussion
The potential for inaccuracy and bias in the study of the relationships between nutrition and body fatness is universally recognised and is attributed to factors such as the method of dietary assessment, inaccurate body composition measures and selection bias. The phenomenon of underreporting commonly adds further bias if it is ignored to defend maximal subject numbers. In this large cohort of healthy female subjects with a broad range of BMI, underreporters (by both FFQ and seven-day record) were physically`bigger', with greater FM and fat free mass, but not greater body adiposity (% body fat). Underreporters recorded lower EI and intake of fat, carbohydrate and protein (in gad). The results from both dietary assessments suggest selective nutrient underreporting, as % dietary fat was lower and % carbohydrate and protein similar or greater in underreporters compared to acceptablereporters, as shown elsewhere. 11, 25 Depending on the classi®cation used to de®ne underreporting, its prevalence ranged from 6 ± 47%.
Underreporting of EI is widespread. In a review of 37 published dietary studies, Black et al 12 reported that 68% of these had a ratio of mean EI: basal metabolic rate (BMR) below a cut-off which de®ned the minimum energy requirement compatible with survival. In these studies, underreporting was present in both genders and across a wide range of ages and countries. 12 This comprehensive evaluation was limited, however, in that under-and acceptable-reporters within each study cohort were not distinguished. The prevalence of energy underreporting was as high as 85% in a study of middleaged subjects of both genders, where EE was estimated from body composition (by bioelectrical impedance analysis (BIA). 11 Where resources have been available to measure exact EE with the doubly labelled water technique, of 31 subjects speci®cally selected to represent high and low reported dietary intakes, the majority were found to underreport EI on a seven-day record. 10 Similarly, a summary of studies that used doubly labelled water and food records found the mean EI was lower than EE in 9 of the 16 studies presented. 12 Whilst the doubly labelled water technique is the gold standard for identifying energy underreporters, it is impractical for use in large studies and prohibitively expensive. In a pooling of data from studies where doubly labelled water techniques were used, Goldberg et al 13 were able to derive a wide range of coef®cients that can be used with BMR to estimate minimum daily energy requirements. The current study used their recommended coef®cient of 1.35 with BEE as one classi®-cation of energy underreporting 13 and also estimated EE by using the physical activity factors suggested by the World Health Organisation (WHO). 23 In healthy weight subjects, the mean factor applied to BEE was 1.64 AE 0.08, which is similar to the physical activity factor of 1.67 AE 0.27 found by Prentice et al 26 (determined by the ratio of total EE by doubly labelled water to measured BMR). In overweightaobese subjects, the mean physical activity factor was 1.63 AE 0.07, slightly less than the 1.73AE 0.23 found by Prentice et al.
26
The in¯uence of body fatness on the underestimation of EI is uncertain with con¯icting reports: underreporting was more prevalent in the obese (by BMI 27 or bioelectrical impedance, 11 but has also been reported repeatedly in the non-obese. 10, 14, 28 In the current study, underreporting increased with BMI, but not with increasing tertiles of adiposity, measured by DXA, suggesting that body`size' or perceived fatness' (rather than true adiposity) is associated with energy underreporting. This may be explained by the relative inaccuracy of BMI in predicting adiposity in the normal weight range, 29 particularly as most of the subjects studied were of healthy weight. In a normal healthy Caucasian female population being studied for bone density, this suggests underreporting of dietary intake (particularly fat) may be endemic and may re¯ect conscious or subconscious concerns regarding weight control, body image and eating a`healthy' diet, secondary to societal preoccupations with weight. Underreporting has also been suggested to occur as a result of altering dietary habits when undertaking the diet record, memory lapses, consciously omitting food items considered`unhealthy' or due to the inconvenience of recording intake.
14 The recent report of Poppitt et al 14 found that all 15 nonobese subjects and 18 obese subjects underestimated intake in a 24 h recall, while under observation in the somewhat arti®cial con®nement of a metabolic facility with predetermined foods on offer. In these Body composition and diet in energy underreporters K Samaras et al circumstances, the shortfall in reported intake was accounted for by underreporting of between-meal snacks, both`healthy' and`unhealthy'. 14 In contrast, our study found total sugars (as a percentage of EI) were similar between acceptable and underreporters, and that dietary fats were the major source of dietary underreporting, in this free-living population of older women not participating in a`diet' study. We used a FFQ and a seven-day food record evaluated in a population of British women of a similar age against weighed 4 d records taken four times during one year 16 and biological markers including nitrogen excretion and plasma micronutrients. 17 Efforts to validate dietary tools are valuable, but assume validity of one particular dietary methodology. Differences exist in the sensitivity of different tools in estimating`true' EI and underreporting has been reported even with 16 d weighed food records; when evaluated against urinary nitrogen excretion, underreporting (determined by the EIaBMR ratio) has been found in approximately 40% of subjects. 17 Wide differences in daily EI estimated from seven-day food records, 24 h recalls and two FFQs have been reported in healthy weight females. 30 The lowest estimates of EI were with 24 h recall in younger women, but with both seven-day food records and 24 h recall in older women, substantially lower than true EE (measured with doubly labelled water technique). Whilst this may, in part be due to expected variations in day-to-day dietary intake, the authors suggest that recording seven-day records may modify actual intake as EI (by dietary recall) immediately after a seven-day record was signi®cantly less than if undertaken prior to it. These ®ndings led the authors to challenge the primacy of seven-day food records. 30 In older women, EI by FFQ was closest to EE 30 and did not show a signi®cant difference in EI on two separate occasions, as found with 24 h recall. 30 These ®ndings endorse the rationale of using two measures of dietary intake and particularly the use of the FFQ in our population. Our results con®rm a signi®cantly lower energy and macronutrient intake by seven-day food records than by FFQ in middleaged women and throw further doubt on the use of seven-day food records in this age group as an estimate of usual intake, although some underreporting may be due to subjects reporting a`true', but only temporarily, lowered intake.
Despite the acknowledgment of the widespread existence of underreporting, the potential bias it creates and the existence of recommendations for the handling of dietary data, 12,13 subsequent dietary studies have failed to exclude underreporters. Several major studies have reported positive relationships (without identifying or excluding underreporters) between dietary fat and obesity, 31±33 subsequent weight gain 34 and prediction of disturbances of glucose metabolism, including hyperinsulinaemia, 35, 36 insulin sensitivity 37 and diabetes. 38 Some of these studies relied solely on 24 h recalls to establish dietary intake. 34, 36 The results of these and other studies that include underreporters must be quali®ed as containing data bias.
Conclusion
Underreporting is a widespread phenomenon even iǹ normal' populations unaware of the dietary hypotheses being tested. Reinforcing prior recommendations, 11 ± 13 we suggest dietary studies should include an evaluation of their data sets for inaccuracy and biases introduced by underreporting. The phenomenon of underreporting requires further investigation and characterisation, particularly to evaluate the degree of bias introduced by their inclusion. Whether there are socioeconomic and cross-cultural differences also awaits examination.
